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Summary. This article presents a collection of literature and data that enables calculations of
hydraulic pressures inside a structurally simplified rock mass. The causation between the
pressure in the rock mass and the near plane-parallel turbulently flowing waters on natural
surfaces of igneous rock is expressed. The article is mainly aimed at rock reinforcement
calculations given magmatic rock types with high durability and large block size.
Resumen. Este artículo cubre una variedad de bibliografía e información para realizar cálculos
de presión hidráulica dentro de masa rocosa estructuralmente simplificada. Se muestra la
relación entre presión de masa rocosa y canales de turbulencia de planos paralelos en superficies
naturales de roca ígnea. El objetivo de este artículo es obtener principalmente cálculos de
refuerzo a través de roca sólida precámbrica de origen magmático en bloques de gran tamaño.
1

INTRODUCTION

This article presents results from national efforts, during the years 2014-2022, in Sweden to
understand the causality of rock erosion in unlined flat spillways due to sub-horizontal flow.
The efforts consist of site investigations of in total fourteen hydro power plants in Luleå river
system and Skellefteåälv river system of geological and hydraulic traits. Hydro power plants
with sub-horizontal spillways uncovered by water were selected. Extensive literature reviews
were conducted in order to first understand the phenomenon and then, if possible, develop a
practical method on how to mitigate erosion given common geological traits of national
spillways. Although further development and research is needed central parts of such a practical
method is presented in this paper.
The study and results are bound to typical bedrock characteristics found in national hydro
power plant spillways located in the Fennoscandian shield. In similar geological environment
such as found in Norway, Finland, Greenland, and Canada the results and aims of this study
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should be applicable, wherefore these results warrant proliferation to practitioners. The
hydraulic conditions only require near plane-parallel turbulent flow of sufficient breadth as to
cover a blocky surface geometry, and the results can be utilized in any type of hewn rock
waterway such as a flat plane, an open excavation, or a tunnel.
2

DESCRIPTION OF THREE TYPICAL SPILLWAYS

The Swedish national fleet of major hydro power plants are located in the pre-Cambrian
Fennoscandian shield wherefore the study focused on this specific geological setting. Dam
reservoir levels span up to 30 m from the base and hydraulic control structures are mainly
composed of gates and a steep spillway chute. The prior, often flat gently declining river bottom
is generally used as spillway either directly downstream or via a short concrete chute from the
hydraulic control structure, thus generating high-speed plane parallel flows over the rock
surface during discharge.
The bedrock in the Precambrian is generally characterized by large block size (>1 m), highly
durable igneous rock types, mainly intrusions of granite and gabbro, gneisses and leptites with
tight, well fitted jointing (<½ mm aperture), unweathered contact surfaces and very thin fracture
fillings from a medium-high temperature/pressure phase. Commonly calcite, chlorite and
epidote, and less commonly, red-staining due to iron oxides, and pyrites are found in fractures.
A secondary structural phenomenon comprised by fractures caused by depressurizing during
the retraction of the last ice age generally occur. These fractures, referred to as deglaciation
fractures, appear as parallel to the natural rock surface, and generally overprints the
orogenetically imposed structural geology down to about some meters below the surface.
Contrary to joint aperture in the rock mass in general the deglaciation fractures are usually, but
not always, wide 1-20 cm in aperture. See Figure 1, Figure 2, and Figure 3.

Figure 1. Photography from hydro power plant in Stora Luleåälven river, Sweden. Broad open
excavation spillway. First author as scale standing on blocks moved by discharge water. Bedrock of
granite in large intact blocks. Notice the large deglaciation fracture that constitute the foreground in the
photograph, denoted by (1). Also notice the foreground bedrocks compact nature. Notice the brown-red
staining on the lower edge of the blocks, denoted by (2) in photograph. The interior of the blocks is
unstained. Possibly the brown-red staining is a medium-temperature alteration bound to a nearby
fracture zone (common iron oxide red-staining). The planar fractures revealed by red staining have then
been loosened during the retraction of the last ice-age.
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Figure 2. Photography from hydro power plant in Blackälven river, Sweden. Open excavation spillway.
Bedrock of granite in large intact blocks. Notice the sub-horizontal deglaciation fractures with large
aperture parallel to the upper surface. Also notice the tightly interlocking vertical fractures, denoted by
white lines, almost non-discernible to the eye. Scale of 1m on the left side, denoted by (1).

Figure 3. Photography from hydro power plant in Skellefteåälv river, Sweden. Natural river bed used
as spillway. Bedrock of leptite in large intact blocks and in some localities vertical bedding structure.
Notice the deglaciation fractures denoted by white lines at the upper surface. Whereas underneath the
rock mass is rather compact. Also notice the many round forms in the foreground, denoted by (1). These
are giant’s kettles from deglaciation of the Weichsel ice age, revealing a wear resistant rock mass.
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The distinction is important as fractures caused by the last deglaciation form loose layers of
highly permeable rock susceptible to erosion at the uppermost surface. Whereas deeper down
a generally non-permeable tightly interlocking rock mass is found.
3

EROSION MITIGATION

For dam safety or maintenance-reducing purposes erosion mitigation measures might be
desirable over parts of waterways in rock. Given the inherent durability, large block size and
tightly interlocking nature of the general pre-Cambrian bedrock the bedrock is well suited as
building material. Thus, the blocks could be fastened with rock reinforcements if the hydraulic
pressure induced by rock surface parallel flow of waters could be estimated and calculated for
a given depth/location in the rock mass. Given such a method to calculate the pressure, erosion
thresholds could also be defined for simplified geological conditions.
A literature study was conducted to assess if such a body of knowledge existed and could be
implemented into a simplified model fitting to the general geological traits of the pre-Cambrian
bedrock.
4

LITERATURE STUDY

4.1 Induced pressure depending on surface geometry
An idealized model of the rock mass as layers of tabular blocks divided by parallel joints
with a constant aperture might be envisioned see Figure 4. Parallel to the surface there is a
turbulent flow. Consider the entrance of one of these joints and assume that all other entrances
and outlets in the joint system are closed. Following Bernoulli, the time-averaged pressure at
point [1] as the flow velocity stagnates over a small distance 𝛿𝛿 between point [0] and [1], should
depend on the time and power-spectrum averaged velocity component at point [0], thus
increasing static pressure at point [1] to maintain equilibrium. Following Pascals principle, we
expect transmission of this pressure throughout the joint system, e.g. over distance 𝑙𝑙 to point
[2] in Figure 4.

Figure 4. Principial sketch on idealized model for pressure propagation into a rock mass made up of
tabular blocks. Pressure regime at joint entrance, point [0], is associated to the turbulent behavior of the
flowing water, rock surface roughness in micro- and macro-scale (not shown) and entrance geometry.
The entrance pressure then propagates via the water filled joint to point [1] over a small distance δ. As
the flow stagnates over this distance static pressure must increase at point [1] to maintain equilibrium.
Assuming that Pascals principle applies, pressure at point [1] should then be transferred without pressure
loss to point [2] over distance l.
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Pressure equilibrium using Bernoulli’s equation from point [0] to [1] in Figure 4 is described
in Equation (1) in model scale,
1 2
1 2
𝑝𝑝0 + 𝜌𝜌𝑣𝑣0𝑚𝑚
+ 𝜌𝜌𝜌𝜌ℎ0𝑚𝑚 = 𝑝𝑝1 + 𝜌𝜌𝑣𝑣1𝑚𝑚
+ 𝜌𝜌𝜌𝜌ℎ1𝑚𝑚 [𝑃𝑃𝑃𝑃]
2
2

(1)

where 𝑝𝑝0 and 𝑝𝑝1 are static pressure, 𝜌𝜌 is density of fluid, 𝑣𝑣0𝑚𝑚 and 𝑣𝑣1𝑚𝑚 mean flow velocity, ℎ0𝑚𝑚
and ℎ1𝑚𝑚 static pressure height in model scale for point [0] and [1] respectively. In Figure 4 𝑣𝑣𝑚𝑚
is mean flow velocity in model scale. Note that index 𝑚𝑚 denotes model scale for each parameter
and index 𝑝𝑝 denotes prototype scale.
In a scale or prototype experiment it is practical to express the dynamic pressure head at a
point as a fraction of averaged mean dynamic head via a representative dynamic pressure
coefficient (here denoted as 𝐶𝐶𝑟𝑟 ) as all other parameters could be either measured or calculated
(see Pells S., 2016, pp. 207-208, see also p. 210-213 for a discussion on the fluctuating
component). An experimental 𝐶𝐶𝑟𝑟 −value could thus be assessed in a scale model and then be
reused in prototype scale. For point [1] in Figure 4 the spatially but not dimension-scale
dependent 𝐶𝐶𝑟𝑟 could be assessed in a scale experiment using a pressure gauge at point [1] via
the following equation,
𝐶𝐶𝑟𝑟 =

𝑝𝑝1⁄𝜌𝜌𝜌𝜌 − ℎ1𝑚𝑚
[−]
2 ⁄2𝑔𝑔
𝑣𝑣𝑚𝑚

(2)

where 𝑣𝑣𝑚𝑚 denoted mean flow velocity in model scale. Other symbols as for Equation (1).
The extricated value 𝐶𝐶𝑟𝑟 could then be reused at prototype scale for calculating a spatially
dependent pressure (𝑃𝑃𝑝𝑝 ) for an equivalent near surface point at prototype scale. As only the
differential pressure will act destabilizing the static pressure height is dropped in order to
express a characteristic pressure increase (𝑃𝑃𝑘𝑘𝑘𝑘 ) for design purposes. Thereafter a robust design
pressure (𝑃𝑃𝑑𝑑𝑑𝑑 ) including statistic uncertainties can be obtained for use in reinforcement
design,
1
𝑃𝑃𝑝𝑝 = 𝐶𝐶𝑟𝑟 𝜌𝜌𝑢𝑢𝑝𝑝2 + ℎ1𝑝𝑝 𝜌𝜌𝜌𝜌 [𝑃𝑃𝑃𝑃]
2
1
𝑃𝑃𝑘𝑘𝑘𝑘 = 𝐶𝐶𝑟𝑟 𝜌𝜌𝑢𝑢𝑝𝑝2 [𝑃𝑃𝑃𝑃]
2
𝑃𝑃𝑑𝑑𝑑𝑑 = 𝛾𝛾𝑓𝑓 ∙ 𝑃𝑃𝑘𝑘𝑘𝑘 [𝑃𝑃𝑃𝑃]

1
𝑃𝑃𝑑𝑑𝑑𝑑 = 𝛾𝛾𝑓𝑓 ∙ �𝐶𝐶𝑟𝑟 𝜌𝜌𝑢𝑢𝑝𝑝2 � [𝑃𝑃𝑃𝑃]
2

(3)
(4)
(5)
(6)

where 𝛾𝛾𝑓𝑓 is a partial coefficient relating to unfavorable uncertainty of 𝐶𝐶𝑟𝑟 , and 𝑢𝑢𝑝𝑝 mean flow
velocity in prototype scale, and ℎ1𝑝𝑝 denotes static pressure height in prototype scale at rock
surface, prototype analogue to point [1] in Figure 4.
Several published studies were consulted to assess values of dynamic pressure coefficients
at or just below the rock surface. Results expressed as 𝐶𝐶𝑟𝑟 are reproduced in Table 1. The authors
Andersson A. (2003) published a numerical study cross-correlated with a scale-model on
5
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turbulent flow towards a free surface over an impermeable surface which geometry were
replicated from a scanned outlet tunnel. 𝐶𝐶𝑟𝑟 could be defined for the lower part of the rough
surface amplitude. Bollaert and Schleiss (2003) published data on scale model experiments
using a vertical jet and basin. Pells S. (2016) published data on several scale model flume
experiments using an instrumented block in various positions subjected to flowing water.
Reinius E. (1986) published data on several scale model flume experiments using an
instrumented block.
Table 1. Dynamic pressure coefficients from a number of studies at or below the rock surface on thrust
and leeside surfaces. With exception of Bollaert & Schleiss (2003) sub-planar flow trajectories were
studied. Results are only valid where the water level is higher/larger than the roughnesses in the surface
geometry. Joint aperture is defined as perpendicular distance between joint surfaces.
Author

Page

Joint aperture (mm) Comment
Defined from peak velocity
Andersson A.
39
in velocity profile over rock
0,37 − 0,66
−
(2003)
surface. Thrust.
Measured at bottom of
fracture with dimensions
Bollaert &
477
0,2 − 0,5
1
Schleiss (2003)
1 × 600 × 800 mm. Joint
parallel to jet. Thrust.
Measured 100, 170 mm from
joint opening on submerged
Pells S. (2016)
217
≲ 0,35
1
block of dimensions 200 ×
200 × 200 mm. Thrust.
Measured under block
Pells S. (2016)
220
surface of baffle block in
≲ 0,65
6 − 21
concave depression. Thrust.
Measured 26 mm from
opening on submerged
inclined block, 0-12°
Reinius E. (1986)
5
0,30 − 0,67
¾
inclination from
perpendicular to flow.
Thrust.
Measured leeside surface of
baffle block in concave
Pells S. (2016)
219
≲ 0,60
1
depression. Gap under block
6 − 21 mm. Leeside.
Measured 30, 100, 170 mm
from opening on submerged
block of dimensions
Pells S. (2016)
217, 221 −0,22 − 0,18
1
200×200×200 mm. Leeside
surface of baffle block.
Measured under block where
baffle face was inclined 12°
Reinius E. (1986)
5
≲ 0,55
¾
from perpendicular to flow.
Leeside.
Leeside surface of baffle
Reinius E. (1986)
5
−0,15
¾
block.
𝐶𝐶𝑟𝑟 (-)
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The reproduced results in Table 1 list the maximum pressures on the most baffled face
examined in the referenced studies. Selected pressures on leeside surfaces are also listed.
Reinius E. (1986) state a underpressure value at −0,05 at 𝐶𝐶𝑟𝑟 = 0,65, thereafter reaching a
minimum of −0,15 as 𝐶𝐶𝑟𝑟 declines from 0,65.
The authors Frizell W. (2007) and Wahl T. et al. (2019) has done interesting work on
predicting uplift forces on concrete monoliths due to pressure mediated through broad joints
between idealized monoliths during simulated spill water discharge over and parallel to the
monolith slabs. Frizzel W. (2007) results indicate a declining uplift pressure with declining joint
offset. But also declining uplift with increasing aperture. See Wahl T. et al. (2016, fig. 3 and
fig. 10). Although different types of studies the results are contrary to those of Müller G. et al.
(2003), presented below and warrant explanation. Such a scope lies outside the aim of this paper
but must be noted as a possible methodological error source for results presented in this paper.
4.2 Induced pressure depending on joint aperture
Following Pascals principle, we expect transmission of joint entrance pressure throughout
the joint system. This is however not the case in the natural environment. Müller G. et al. (2003)
has studied the effect of discrete pressure pulses as they traverse along a joint. Joint apertures
of 0,5 − 10 mm manifest pressure attenuation over a length of 500 mm. Müller G. et al. (2003)
hypothesized this to be caused by air-mixing in the water and a propensity for air bubbles to
adhere to surfaces, which affect the pulse propagation speed. For closed joint and a joint
aperture of 1 mm the attenuation can be calculated as ∆𝐶𝐶𝑟𝑟 = −1,5 per meter for single pressure
pulses. Similar for 6 mm joint aperture the attenuation for single pressure pulses can be
calculated as ∆𝐶𝐶𝑟𝑟 = −0,8 per meter.
The attenuation is not strictly linear, and becomes less linear the wider the joint aperture, see
Müller G. et al (2003). For use in this paper and 1 and 6 mm joint aperture the authors have
found it acceptable to approximated the attenuation by a linear relation. Following Müller G. et
al. (2003) the dynamic pressure coefficient along a joint can be described with the following
equation,
𝐶𝐶𝑟𝑟 = 𝐶𝐶𝑟𝑟0 + ∆𝐶𝐶𝐶𝐶 ∙ 𝑙𝑙 [−]

(7)

where 𝐶𝐶𝑟𝑟0 is dynamic pressure coefficient at joint entrance, 𝑙𝑙 is length along a two-dimensional
joint, and ∆𝐶𝐶𝐶𝐶 the attenuation of pressure expressed in units of dynamic pressure coefficient.
The equation is only valid for ∆𝐶𝐶𝐶𝐶 ∙ 𝑙𝑙 ≤ 𝐶𝐶𝑟𝑟0. Length 𝑙𝑙 does not necessarily needs to be a linear
but can assume a polyline shape.
To assess the attenuation in a model experiment, evaluations according to Equation (2) at
different points along a line needs to be carried out. Following Figure 4, 𝐶𝐶𝑟𝑟 at the lower end of
the top rock block, at distance 𝑙𝑙 from the surface, could be determined if the dynamic pressure
coefficient at point [1] and [2], investigated via pressure gauges and mean flow velocity, were
known and distance between point [0] an [1] is negligible,

𝐶𝐶𝑟𝑟 = 𝐶𝐶𝑟𝑟0 + ∆𝐶𝐶𝐶𝐶 ∙ 𝑙𝑙 = 𝐶𝐶𝑟𝑟0 +
7

𝐶𝐶𝑟𝑟2 − 𝐶𝐶𝑟𝑟1
∙ 𝑙𝑙 [−]
|𝑙𝑙2 − 𝑙𝑙1 |

(8)
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where 𝑙𝑙 is length along joint, 𝐶𝐶𝑟𝑟0 is dynamic pressure coefficient at joint entrance, 𝐶𝐶𝑟𝑟2 and 𝐶𝐶𝑟𝑟1,
is dynamic pressure coefficient at the two arbitrary points in succession along the joint and
|𝑙𝑙2 − 𝑙𝑙1 | is the absolute distance between those points.
In literature turbulent conditions has been examined by Bollaert & Schleiss (2003) where
the authors examined a two-dimensional joint with aperture 1 mm, breadth 600 mm and length
800 mm directly under a jet. They found that 0,2 < 𝐶𝐶𝑟𝑟 < 0,5 at the bottom of the joint. The
discrepancy in results relative to single pressure pulses presented by Müller G. et al. (2003) are
reasonably caused by interaction effect due to the continual feed of pressure pulses. The
attenuation for continual pulses can via Equation (7) be calculated to at least ∆𝐶𝐶𝑟𝑟 = −0,625 per
meter for 𝐶𝐶𝑟𝑟 ≲ 0,5.
Using attenuation values for a continual feed of pressure pulses, and assuming a scalar
relationship between the results of Müller G. et al. (2003) and Bollaert & Schleiss (2003), a
design attenuation coefficient can be produced. Thus, for 1 mm joints ∆𝐶𝐶𝑟𝑟 = −0,625, which is
42% of single pressure pulse attenuation. Then for 6 mm ∆𝐶𝐶𝑟𝑟 = −0,8 × 0,42 = −0,336 per
meter for continual pressure pulses. In notation for 1 or 6 mm joint aperture and continual
pressure pulses, design pressure attenuation should then be as in Equations (9-10).
∆𝐶𝐶𝑟𝑟1 = −0,625 [−/m]

∆𝐶𝐶𝑟𝑟6 = −0,336 [−/m]

(9)
(10)

Note that pressure cannot attenuate below zero. Thus giving the attenuation a validity span
of length 1,0 m and 1,9 m respectively for 1 and 6 mm joint aperture if 𝐶𝐶𝑟𝑟0 = 0,65. Note that
attenuation applies for thin fractures, here defined as apertures < 6 mm according to results by
Müller G. et al. (2003). Whereas for wide fractures, 10 mm, pressure increase is commonly
observed, see Wolters G. et al. (2004).
5

DESIGN

5.1 Design pressures determination and motivation
Given the presentation in chapter 4 and a rock mass consisting of large blocks of durable
rock types with joint apertures, defined as perpendicular distance between idealized joint
planes, of either ≲1 mm or ca 3-6 mm a destabilizing design pressure perpendicular to rock
layering or equivalent depth/length could be calculated. See Figure 5 for an idealized model. In
nature the joints may depending on the structural geology vary anywhere from perpendicular
to parallel to flow trajectory. However, as joint entrance dynamic pressure coefficient 𝐶𝐶𝑟𝑟0
(Table 1) has been chosen from the highest value from a similar range of inclinations varying
from parallel Bollaert & Schleiss (2003), Pells S. (2016) to inclined Reinius E. (1986) to
perpendicular Pells S. (2016) with different ranges of protrusion relative to water level, the risk
that 𝐶𝐶𝑟𝑟0 is underestimated is to the authors knowledge small for hydraulic conditions where the
block surface is covered by discharge water. See referenced authors publications in Table 1.
Direct exposure to the water flow at baffle surfaces yield higher values, 0,8 − 1,0, but as shown
at joint entrance close to the rock surface this pressure has declined more or less depending on
flow trajectory versus joint trajectory. Wherefore the suggested 𝐶𝐶𝑟𝑟0 = 0,65 seems reasonably
conservative as highest/design value valid for joints close to a baffled face.
8
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Figure 5. Principial sketch on the definition of equivalent depth, 𝐷𝐷0 [m], of rock layering. Joint aperture
denoted by 𝑎𝑎 [m]. For sake of simplicity the aperture is assumed non-varying. Blue arrow direction of
flow. 𝑣𝑣𝑝𝑝 [m/s] mean flow velocity in prototype scale. 𝑊𝑊 submerged weight of block [kg]. Pressure
originated at point [a] attenuate over distance 𝐷𝐷0 [m] to point [b]. Pressure profile indicated by blue
quadrangle. At point [b] the pressure is assumed transferred without loss, however erroneously, and will
act on block bottom surface, indicated by small blue arrows.

Drag zones develop on leeside surfaces, see Table 1, reaching a minimum of 𝐶𝐶𝑟𝑟 = −0,22.
For blocks in headcutting position, i.e. lacking downstreams support, this drag will add to lateral
forces acting on the block. For surface blocks embedded in a rock mass Reinius E. (1986) found
that the total uplift pressure acting on the block would always be somewhat lower than the
maximum at the thrust surface, 0,48 versus 0,67 to be exact. Thus, for the general case with a
smooth topography, i.e. no major headcut, choosing a 𝐶𝐶𝑟𝑟0 = 0,65 for both joint entrances and
disregarding effect of drag should encompass necessary design situations. For a rock surface
with a headcut the margin would have to be treated as a special case encompassing both uplift
from thrust surface and lateral drag from leeside surface pressures.
Given entrance pressure defined by 𝐶𝐶𝑟𝑟0 = 0,65 pressure attenuate according to Equation 9
or 10. In Figure 5 pressure at point [a] attenuate over distance 𝐷𝐷0 to point [b]. Pressures should
then be defined by Equations 11 and 12,

𝑃𝑃𝑏𝑏 =

𝑃𝑃𝑎𝑎 =

1 2
𝜌𝜌𝑢𝑢 ∙ 𝐶𝐶𝑟𝑟0 [Pa]
2

1 2
𝜌𝜌𝑢𝑢 ∙ �𝐶𝐶𝑟𝑟0 + ∆𝐶𝐶𝑟𝑟 ∙ 𝐷𝐷0 � [Pa]
2

(11)
(12)

for conditions where 𝐶𝐶𝑟𝑟0 + ∆𝐶𝐶𝑟𝑟 ∙ 𝐷𝐷0 > 0.
Vertical sides give no addition to uplift, however, geometry of the rock blocks affect uplift
force where to projected area increase. If only two-dimensional blocks are considered,
maximum uplift will be experienced by parallelltrapeter blocks. Stabilizing and destabilizing
loads are thus presented for such a case. Alternative more elegant methods that treat tetrahedral
block are available, e.g., FERC (2018). For the parallelltrapeter consider a load equilibrium
between the weight of the block and pressure acting on block surfaces, see Figure 6.

9
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Figure 6. Principial model of load distribution on parallelltrapeter block. 𝐷𝐷0 [m] equivalent depth of
block. 𝐵𝐵 [m] breadth of block. 𝑑𝑑 [m] length of side. 𝜃𝜃 [°] angle defining parallelltrapeter. 𝑊𝑊 [N] self
weight of block. 𝜎𝜎𝑢𝑢 [Pa] pressure under block, 𝜎𝜎𝑑𝑑 [Pa] pressure on sides of block. Note that fracture
geometry does not need to be planar as only the projected area influence uplift pressure. Pressure
attenuation takes place from joint entrance point [a] along distance 𝑑𝑑, which if joint is irregular will
affect attenuation magnitude. In this example distance 𝑑𝑑 is small enough to only partly attenuate
pressure. At bottom of block, point [b] pressure is assumed transferred without attenuation underneath
block.

Friction or cohesion at the joint surfaces are disregarded. For a 1 m in depth shred the stabilizing
self weight 𝑊𝑊 [N] of the block should be as in Equation 13,
tan(𝜃𝜃) ∙ 𝐷𝐷0
(13)
𝑊𝑊 = (𝜌𝜌𝑟𝑟 − 𝜌𝜌𝑤𝑤 )𝑔𝑔 × �𝐵𝐵 ∙ 𝐷𝐷0 + 2 ∙
∙ 𝐷𝐷0 � [𝑁𝑁]
2

where 𝜌𝜌𝑟𝑟 [kg/m3] density of rock mass, 𝜌𝜌𝑤𝑤 [kg/m3] is density of water, 𝑔𝑔 [m/s2] acceleration
due to gravity, 𝐵𝐵 [m] breadth of block, and 𝐷𝐷𝑜𝑜 [m] equivalent depth of rock layer.
Destabilizing loads 𝐿𝐿 [N] depend on pressurized surfaces. Destabilizing loads should for a
block with depth of 1m be as Equation 14 and 15 below. Note that no pressure attenuation is
assumed under the block.
𝐿𝐿 = 𝜎𝜎𝑢𝑢 ∙ 𝐵𝐵 + 𝜎𝜎𝑑𝑑 ∙ 2𝑑𝑑 ∙ sin(𝜃𝜃) = ⋯ = 𝜎𝜎𝑢𝑢 ∙ 𝐵𝐵 + 𝜎𝜎𝑑𝑑 ∙ 2 ∙ 𝐷𝐷0 ∙ tan(𝜃𝜃) [𝑁𝑁]
𝐷𝐷0
� 𝐵𝐵 +
⎫
1 2
cos(𝜃𝜃)
𝐿𝐿 = 𝜌𝜌𝑢𝑢
[𝑁𝑁]
2
⎨�2 ∙ 𝐶𝐶 + ∆ ∙ 𝐷𝐷0 � ∙ 𝐷𝐷 ∙ tan(𝜃𝜃)⎬
𝑟𝑟0
𝐶𝐶𝑟𝑟
0
⎩
⎭
cos(𝜃𝜃)
⎧

�𝐶𝐶𝑟𝑟0 + ∆𝐶𝐶𝑟𝑟 ∙

(14)

(15)

Equation 15 is only valid where 𝑑𝑑 ≤ 1,0 m for ∆𝐶𝐶𝑟𝑟 1 and 𝑑𝑑 ≤ 1,9 m for ∆𝐶𝐶𝑟𝑟 3. For cases where
𝑑𝑑 is greater than respective limit the equation for 𝜎𝜎𝑑𝑑 must be modified to correctly represent
mean pressure, i.e. 𝜎𝜎𝑑𝑑 = (𝜌𝜌𝑢𝑢2 ⁄2) ∙ (𝐶𝐶𝑟𝑟0⁄2) for 𝑑𝑑 > 1,0 m and 𝑑𝑑 > 1,9 m respectively.
Stability is ensured when 𝑊𝑊 > 𝐿𝐿. If the structural geology is applicable the practicing
geologist need only to assess the magnitude 𝑊𝑊 − 𝐿𝐿 to assess need and magnitude of
reinforcement.
An example is warranted. Assuming 𝜌𝜌𝑟𝑟 = 2700 kg/m3, 𝜌𝜌𝑤𝑤 = 1000 kg/m3, 𝑔𝑔 = 10 m/s2,
𝐵𝐵 = 1 m, 𝐷𝐷0 = 1 m, 𝑢𝑢 = 10 m/s. Self weight of the rock block and uplift pressure is calculated
10
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for 𝜃𝜃 = 0,10,15,25,35,45° and ∆𝐶𝐶𝑟𝑟1 = −0,625 -/m, ∆𝐶𝐶𝑟𝑟6 = −0,336 -/m and ∆𝐶𝐶𝑟𝑟𝑟𝑟0 = 0 -/m.
Results are as shown in Table 2 in the Appendix. The results show a strong correlation between
uplift, joint angle 𝜃𝜃 [°] and attenuation constant ∆𝐶𝐶𝑟𝑟 [-] highlighting the effect of joint aperture
affecting pressure attenuation according to results by Müller G. et al. (2003). See also Wolters
G. et al. (2004). Results indicate that, even disregarding effect of friction and cohesion along
discontinuities, that stability may materialize if the rock mass is tightly interlocking and
discontinuities of high durability and consist of large blocks in relation to flow velocity.
5.2 Further research
Before presented method, taking pressure attenuation into account, can be adopted more
research and development on several fields is warranted.
Results presented in chapter above highlight the effect of pressure attenuation which appear
joint aperture dependent. Further research on pressure attenuation in turbulent environments
along natural or fabricated fractures with a representative array of apertures is warranted as the
presented material is limited.
The potential wear effect of long duration turbulent hydraulic loading, i.e. cyclical irregular
pressures, on fractures and eventual consequences need to be assessed for representative
geological conditions.
Equilibrium equations for representative block geometries and surface geometries need to
be worked out.
Potential methodological errors need to be assessed, references are to Frizell W. (2007) and
Wahl T. et al. (2019).
6

CONCLUSIONS

The paper presents a method to calculate load equilibrium from hydraulic induced pressures
in a rock mass for the top layer of a simplified structural geology for two spans of joint
apertures.
The method gives a conservative estimation of destabilizing pressures, and its aim is to be
used as input to rock reinforcement calculations whose aim is to ensure the stability of the rock
mass under hydraulic load. The method can be used in rock masses of high durability igneous
type rocks with large block sizes, i.e., meter scale.
As pressure attenuation in thin joint has a great impact on equilibrium equations further
research in that line of thought is warranted.
Erosion mitigation using rock reinforcement have been attempted at spillways of two
Swedish hydro power stations in Faxälven river using similar techniques. The remediation
works were carried out between 2014-2019, so far with good results.
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APPENDIX
Table 2. Example results from calculation. 𝜃𝜃 denote angle defining the parallelltrapeter. W self weight of block. L1, L3, La0 denote uplift pressures given
∆𝐶𝐶𝑟𝑟1 , ∆𝐶𝐶𝑟𝑟3 , ∆𝐶𝐶𝑟𝑟𝑟𝑟0 respectively. Rec. stands for rectangle part of block. Tri. Stands for triangle parts of block. Capacity is calculated as (𝑊𝑊 − 𝐿𝐿)/𝑊𝑊.
Negative capacity values indicate magnitude of uplift.

θ

[°]
0
10
15
25
35
45

W
Rec.
[kN]
17
17
17
17
17
17

W
Tri.
[kN]
0
3
5
8
12
17

L1
Rec.
[kN]
1,3
0,8
0,1
0,0
0,0
0,0

L1
Tri.
[kN]
0,0
5,9
8,7
14,2
19,3
23,8

Capacity
%
93%
67%
59%
43%
33%
30%

L3
Rec.
[kN]
15,7
15,4
15,1
14,0
12,0
8,7
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L3
Tri.
[kN]
0,0
8,5
12,8
21,7
31,2
41,2

Capacity
%
8%
-19%
-29%
-43%
-49%
-47%

La0
Rec.
[kN]
32,5
32,5
32,5
32,5
32,5
32,5

La0
Tri.
[kN]
0,0
11,5
17,4
30,3
45,5
65,0

Capacity
%
-91%
-120%
-132%
-152%
-170%
-187%

